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BACKGROUND OF THE INVENTION 



Field of the Invention 

The present invention relates generally to the field of 
gene therapy vectorology. More specifically, the present invention 
relates to a combined transductional and transcriptional targeting 
approach for gene delivery in vivo by an adenoviral vector. 

Description of the Related Art 

Gene therapy may offer new options for the treatment of 
pulmonary vascular diseases, conditions for which conventional 
therapies arc limited (1). The recent discovery of the genetic basis 
for primary pulmonary hypertension, along with a lack of effective 
conventional therapies for this disease, provide a clear rationale for 
the development of improved pulmonary endothelial gene transfer 
technologies. Strategies to efficiently and specifically direct 
therapeutic transgene expression to the pulmonary vascular 
endothelium would help to ensure that the full potential of this 

approach is realized. 

Adenoviral vectors are attractive candidates for this task 
in view of their generally high in vivo gene delivery efficacy 



compared to other vectors (2, 3). However, conventional adenoviral 
vectors do not achieve widespread pulmonary endothelial gene 
delivery following intravascular admmistration in rodent and 
primate models (4). The use of these agents is compromised by the 
natural tropism of the virus for the coxsackie/adenoviral receptor 
(CAR) (5, 6); many tissues lack accessible coxsackie/adenoviral 
receptor and are therefore poorly transduced. On the other hand, 
the liver expresses high levels of the coxsackie/adenoviral receptor, 
which contributes to its high susceptibility to ectopic transduction 
and the risk of deleterious consequences (7). In fact, hepatic 
sequestration of adenoviral vectors is one of the main limitations to 
U.C svstemic use ot these agents for a variety of applications, 
including pulmonary vascular gene delivery. To overcome these 
limitations, strategies have been devised to impart specific targeting 
properties to adenoviral vectors, both to improve efficacy at the 
target site and reduce ectopic transgene expression. These efforts 
include both transductional and transcriptional approaches. 

Transductional targeting is based upon the alteration of 
the natural infeclion pathway of the adenoviral vector (8). This 
, .nfcction normally involves a two-step process, whereby cellular 
attachment is achieved by binding of the knob domain of the 
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adenov,ral fiber to .he coxsack.e/adenov.ral recep.or, followed by 
i„,e,„alization of .he virion via an .n.eracon be.ween cell-surface 
,„.cgrins and an Arg-Gly-Asp (RGD) mo.if in .he adenoviral pen.on 
base (9). Thus, .o ai.er .rop.sm, effor.s have logically focused on 
modifying .he adenoviral knob doma.n. This has been achieved 
through .he use of bi-specific adap.ors .ha. simul.aneously bind .o 
knob, neu.ralise coxsackie/adenoviral recep.or recogni.ion and 
in,par. new .ropism (10), or by direc. gcne.ic modifica.ion of .he 

knob domain itself (U). 

Recen.:y, an adaptor approach has been described .0 

rcdirec. infection via a.tachment to angiotensin converting enzyme 
,ACC,. a ,ncn,bra„c h.u.nd cctoc.y.nc highly expressed on pulmonary 
endotheltal cells (12). Th.s strategy achieved enhanced gene 

^ rplK in vivo while simultaneously 

delivery to pulmonary endothelial cells m vivo, wi 

iW/pr the first demonstration ot 
reducing transgene expression in the liver, the 

•n the svstemic route. However, limitations to this 
targeting via the sysiemic luuiv... 

f.A Snecificallv the level of liver transgene 
approach were noted. Speciiicaiiy. 

expression rcma.ncd high in absolute terms. Genettc modtftcattons of 
adenovral to ablate coxsack.e/adenoviral receptor recogni.ion tat 
, leas, in .he absence of an al.erna.e targettng l.gand) have not 
reduced hepat,c transgene expression. Secondary tn.eracons 
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between an Arg-Gly-Asp (ROD) mocil ,n the adenoviral penlon base 
and cell-surface in.egrins (wh.ch normally mediate internalization of 
,he virion after pr.mary attachment to coxsackte/adenoviral 
receptor) may account for some of the residual hepatocyte 
5 transduction. Other less well-deftned mechanisms may also be 
involved. These findmgs suggest the need for complementary 
approaches. 

Transcr.pttonal targefng involves the use of cell-specific 
promoters (13). There have been considerable advances in this area 
,0 recently, with the tdent.fication of several promoters that retain 
spccificty in adenoviral vectors (14, 15). Recently the use of the 
p,„>,„,er for the va.cular cndolhellal growth factor type 1 receptor 
,flt., promoter) in an adenoviral vector was described, showing both 
a high level of activity in endothelial cells and a low level of activity 
,5 in hepatocytes in culture and the liver in .ivo (16). Nevertheless, 
,his approach ,n isolation is of no benefit for pulmonary endothelial 
application if the cells are poorly transduced. 

Thus, the prior art is deficient in a method for gene 
delivery in v,v„ by an adenoviral vector with improved efficacy at 
20 the target site and reduced ectopic transgenc expression. The 
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present invention fulfills this long-standing need and desire in the 



art. 



SUMMARY OF THE INVENTION 



The current invention demonstrates that through a 
judicious combination of approaches, a high degree of efficiency and 
specificity ol transgcne expression in target cells in vivo was 
achieved, thereby establishing an important new paradigm in gene 
delivery technology. Although this new gene delivery paradigm is 
established in the context of the transduction of pulmonary vascular 
endothelium, the current application has far-reaching implications 
for the broader development of gene delivery systems for virtually 

any in vivo application. 

The present invention demonstrates that adenoviral 
targeting to pulmonary endothelium can be substantially 
ed by a combination of transductional and transcriptional 
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approaches. In fact, the validity of this basic concept has not 
previously been established for any target cell due to the lack of 
complementary transducttonal and transcr.ptional strategies that 
have fidelity in vivo. The present invention combines two recently 
described strategies for the targeting of endothelial cells, namely 
transducional targeting via binding to angiotensin converting 
enzyme (ACE) and transcriptional targeting using the vascular 
endothelial growth factor type 1 receptor (fU-1) promoter. 
Compared to either approach used alone, this combined targeting 
approach resulted in a dramatic, synergistic, improvement in the 
target to non-target transgene expression ratio in vivo, thereby 
,„,prov,ng the prospects for pulmona.y vascular gene therapy and 
establishing a fundamental principle for the use of targeting 

Strategies generally. 

Thus, the present invention is directed to an adenoviral 

vector that mediates increased gene delivery in vivo. This vector 
comprises a targeting component that targets the vector to specific 
target cells and a tissue-specific promoter that drives the expression 
„l a transgene carried by the vector in the target cells. In general, 
the targeting component can be a targeting Hgand incorporated into 
the fiber or other capsid protein of the adenoviral vector by genetic 
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„,„ca,ion. AUernatively. .he .arge.mg component ean be a bi- 
.pecfc molecule ,ha, b.nds .0 Che knob or other caps.d prote.n of 
,He adenoviral vector and a molecule expressed on the target cells. 

,„ one embodiment, when the targe, cells are pulmonary endotheUal 
, cells, the adenoviral vector comprises a vascular endothelta, growth 

factor type 1 receptor promoter and a bi-speeific ant.body conjugate 

anti-angiotensin converting enzyme (ACE) antibody 9B9. 

The present invention is also directed to an improved 
,0 method of gene del.very using an adenoviral vector, comprising the 
step of: contacting target cells with an adenov.ral vector compristng a 

„■ ilvii lir.'cts the vector to specific target cells 
targeting comp«"eni tliJi iJi^cis 

ani a ttssue-specific promoter that drtves the e.press.on of 

, 5 adenovtra, vector has enhanced targe.tng specficty to the target 
cells and results in reduced transgene express.on in non-target cells. 
,„ general, the targeting component of the adenov.ral vector can be a 
.ar.ct,„. ligand incorporated ,n.o the ftber protem or other capsid 
,.„,e,n of the adenoviral vector by genetic mutation. Alternatively, 
,.,e„ng component can be a b.-specfc molecule that btnds to 
,he knob protein or other caps.d pro.e.n of the adenov.ral vector and 



.Ka pplK In one embodiraenl, when 

a molecule expressed on the target cells. 

,He target cells are pulmonary endotheltal cells, the adenov.ral 
vector comprises a vascular endotheltal growth factor type 1 
receptor promoter and a b,-speciftc anttbody conjugate linking a Fab 

5 fragment of an antt-AdS knob anttbody 1D6..4 with an antt- 
angiotensin converting enzyme (ACE) antibody 9B9. 

Other and further aspects, features, and advantages of 
,He present tnventton w.ll be apparent from the follow.ng 
description of the presently preferred embodiments of the tnvention. 

, 0 These embodimems are gtven for the purpose of disclosure. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



SO that the matter in whtch the above-recited features, 
advantages and objects of the invention, as we,, as others which wi„ 
hecome clear, are attained and can be understood in detail, more 
.„ particular descriptions of the tnventton brtefly summarized above 
„,ay be had by reference to certa.n embodiments thereof wb.ch arc 



„lus>ra,ed in the appended drawngs. These drawings form a part of 
the specification. It is to be noted, however, that the appended 
drawings illustrate preferred embodiments of the invention and 
therefore are not to be considered limiting in their scope. 
5 Figure 1 shows AdfltLuc vs AdCMVLnc transgene 

expression in murine endothelial cells. The IP-IB cell line was 
plated at 50,000 cells per well in 24 well plates, then transduced 
using various doses of either AdfltLuc or AdCMVLuc {containing the 
strong but non-specific cytomegalovirus promoter) as indicated. 
,0 Luciferase assay was performed 24 hours later. These data illustrate 
the basic functionality of the AdfitLuc vector and indicate the 
.uciiglh of ihc flt-1 promoter rcUilive u, CMV in this line. 

Figure 2 shows AdtltCEA vs AdCMVCEA transgene 
expression in murine endothelial cells. The IP- IB cell line was 
1 5 plated at 50,000 cells per well in 24 well plates, then transduced 
using various doses of either AdfitCEA or AdCMVCEA as indicated. 
Forty eight hours later the cells were stained using an anti-CEA 
antibody and DAB detection, positive signal is shown by brown 
precipitate. Figure 2A: Uninfected cells. Figure 2B: AdCMVCEA 
,0 infected cells. Figure 2C AdfitCEA infected cells. These data show 
the basic functionality and strength of the AdfitCEA vector. 
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Figure 3 shows luciterase gene delivery in vivo. Rats 

•1 • ^ with 5 X 109 Pfu of AdCMVLuc or AdfltLuc, 
were injected (tail vein) with 5 x lu 

eu„c, a,o„e (Figure 3A. Fl.ure 3C, o, .n co„,b,„a„o„ w..h .he 

e„do.e.,a, u,geU„g co.uga.e Fa.-9B. (Fig-re 3B, 

•f three davs later and luciferase activity 
Figure 3D), then sacrificed three days 

A nnt. nre means ±SDof 8-10 rats per group. These 
was determined. Data are means 

th. .trikins synergistic improvement in 
results clearly show the striking, sy g 

• „ in the target organ which is achieved with the 
transgene expression in the target org 

combined targeting approach. 
^ Figure 4 shows targeting fidelity is maintained upon left 

• • r.n Rats were injected via either the tail vein 
ventricular injection. Rats wert j 

lR^ u-ith 1 XIO" viral particles 

'Figure 4A) or left vcnincic \i t, 

0, AdmLuc .Fab-9B9, and lucferase a.,,vUy was dece™ined three 
days later. Data are meats . s.d. of four rats per group. Figure 4C 
5 shows left ventricular injection of AdlltLuc alone. 

Figure 5 shows improved selectivity at htgh vector dose, 
.ere inieced ,.ai, vein, with 3 XIO'' v.rai particles of AdfltLuc, 
euher alone (Frgure 5A, or ,n comh,„at,on wth the pulmonary 

Fih QB9 (Heure 5B), then killed 
endothelial targeting conjugate Fab-9By (Wg 

, ,„,,:f.rnse nctivilv was determined. 
2U three days later and luut.rase 



Data are 



mean 



.ns ± s.d. of four rats per group. 
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Figure 6 shows the distribution of transgene expression 
wUhin different organs. Rats were injected via the tail vein with 3 x 
.0''> pfu of either AdCMVCEA . Fab9B9 or AdtltCEA . Fab-9B9, then 
,,,,,eed 4 days later. Panels show staining for CEA transgene 
5 expression as shown by green fluorescence. Figure 6A, Figure 6C 
and Figure 6E are sections of lung, liver and spleen, respectively 
trom arat that received AdCMVCEA . Fab9B9. Figure 6B, Figure 
6D and Figure 6F are corresponding sections fron. a rat that 
received AdfltCEA . Fab-9B9. Nuclei were stained using Hoescht 
10 33342. 

Figure 7 shows transgene expression in lung. High 

I that r^-rpiv'>d AdtltCEA + Fab- 
.i^u nf lun*' scclioii'^ trom a rai that icceUvU .-vun 
power view oi imij. si.>.ii 

9B9. cleariy show.ng cansgeno express.on (green fluorescence) in 
,he endChehun, of alveolar cap,..ar,es (Figure 7A, and small and 
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medium sized vessels (Figure 7B, 7C). 
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DETAILED DESCRIPTION OF THE INVENTION 



Gene therapy holds greal promise for improvenaents in 
,he treatment of many dtseases. However, this approach has been 
severely res.r.eted by an inability .0 efficiently and selectively 
achieve transgene expression in appropriate target cells. Key 
limitations to the mean.ngful application of this new technology are 
the shortcomtngs of gene deUvery agents (vectors) which have fa.led 
,0 show a capacity to specifically direct transgene expression to 
target cells. The importance of specific targeting has long been 
apprecated; in the last six years multtple reports have emerged 
, .,ihi„.. > virKtv of i«i>!cling approaches, many of which are 
based on adenoviral (Ad) vectors, in vtew of thetr generally high in 
vivo gene delivery efftciency. Unfortunately, there is still a lack of 
evidence that a systemically administered vector can achieve truly 
specific and efficient transgene expression. 

The present invention provides a system that improves 
,|,c efficacy and specificity of achieving transgene expression in vivo 
uMUg adenoviral vectors. By combining tropism modification to 
, achieve transductional retargeting, and transcriptional control using 
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•fv ,.rnmote.r a highly synergistic improvement 
a tissue-specitic promoter, a m^my y & 

tar<^et to non-target gene expression ratio was achieved. 



in 



The current invention 



dramatically improves the 



specificity of transgene expression, specif.cally in the context of gene 
delivery to the pulmonary vascular endothelium. The combination 
of transduettonal target.ng to a pulmonary endothelial marker 
(angiotensin-converttng enzyme, ACE) and an endothelial-specife 
promoter (for vascular endothelial growth factor receptor type 1, fit- 
1) resulted in a synergistic, 300,000-fold improvement in the 
0 selecttvty of transgene expression for lung versus the usual site of 
vector sequestratton. the Itver. However, the basic concept of the 
p,-escn. .nvcnt,on could he applied to gene delivery for many cell 
types, in this way, this approach could greatly enhance the uflity of 
gene therapy strategies lor virtually any disease process. 
15 The combined targeting approach of the present 

invention could employ other target molecules and ttssue-spectfic 
promoters tn addmon to the ones disclosed herein. For example, 
representative example of useful target molecules include receptors 
and other surface motifs known to be upregula.ed in tumors, e.g. 
20 eptdermal growth factor (EOF), fibroblast growth factor (FGF), ErbB2 
,Her-2), and Carcinoembryonie antigen (CEA). Similarly, receptors 
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and surface accessible molecules present on various normal tissues 
could be exploited including PBCAM E-selectin and ICAM on 
endothelial cells and the urokinase plasminogen activator receptor 
on airway epithelium. Furthermore, cytokine and other growth 
factor receptors known to be upregulated in various pathological 
states could also be exploited. In addition to known and recognized 
markers, recently discovered ligands (including peptides, single- 
chain antibodies and derivative thereof) identified by phage-panning 
technology or similar procedures could also be included - examples 
include the "SIGYPLP" peptide which has affinity for endothelium 
and the "SSS-IO" peptides which has selectivity for airway 
cpithcliu ni 

The use of tissue specific promoters is an attractive 
means for controlling gene expression. Early efforts to exploit this 
technology in the context of adenoviral vectors were sometimes 
undermined when the promoter was placed in the adenoviral 
.enome; ill defined cis or trans acting effects had the potential to 
HUerferc with promoter specificity (33). Recently, however, an 
mcreasing number of promoters that retain fidelity in the adenoviral 
.enome are being described. Given the natural tropism of Ad for the 
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nver and spleen, candidate tUsue-specific promoters should have 

low activity in these organs. 

Three candidate endothelial specific promoters have been 
evaluated - tlt-l. lCAM-2 and von Willebrand factor (16). Of the 
5 three, tlt-l had an advantage >n terms of both strength and 
specificity. Furthermore, recent studies have indicated that VEGF 
receptors are expressed tn normal pulmonary endothelium where 
they play an tmportant role the ma.ntenance of pulmonary vascular 
integrity (34. 35). Thus the flt-1 promoter was a rational choice for 
,0 the current study (and the promoter for VEGFR2/Flk-1 m.gh. 
similarly prove effective,. However, as ,t ts clearly shown in the 
present study, .he use of th.s approach alone was limited by the low 
level of transductton of pulmonary endothelium by adenoviral 
vectors wtth nat.ve troptsm. The full potential of this promoter was 
,5 only reahzed ,n the context of tropism modification. In this regard, 
upregulatton of both the expression of ang.otensin converting 
enzyme and vascular endothelial growth factor receptors has been 
aescribcd in the vicinity of plexiform lesions associated with primary 
pulmonary hypertension (36, 37). Thus, the combined targeting 
20 approach presented in the current study may have particular 
relevance for the development of gene therapy .or this disorder. 
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Many similar logical comb.nat.ons of .ransductional and 
.,a„sc,ip,io„al approaches could be env.saged for other disease, 
rhus underhnrng the genera, .mporiance of rhe parad.gm esrablished 

here. 

The use of the flt-1 promoter in the current study has 

in that both fit- 1 and angiotensin converting 
disease relevance in tnai ooui 

in the context of vascular remodelling in 
enzyme are increased in the coniexi 

primary pulmonary hyperuns.ou. One of ordinary skill .n the ar. 
would recognize .ha, the double-targe.ing approach described here.n 
should be appUcable to other dtseases as suitable Itgands and 

promoters become known. 

,„ addu.on. rcprcsenuaive example of useful promoters 

include other endothelial-spectftc promoters such as promoters for 
preproendotheltn, KDR; tumor specific promoters such as promoters 
for midktne, ErbB2, Mucl. Cox.2 and PSA; promoters for normal 

tw K IS-airwav epithelium and other 
tissues such as promoters toi K-l» airway p 

ti..nes- hepatocyte-specific promoter such as 
CFTR expressing tissues, nepaiuv^jfi. 



promoter tor 



albumen, and muscle-specific promoter such as 



hall 
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promoter for myosin. 

As used here.n. the term -transduclional targeting" s 

,efer to the use of any strategy that alters the natural cel.-btndtng 
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This vector 



and entry pathway of any v.rai or non-vra, vector designed to 

delivery genes into cells. 

As used herein, the term •transcriptional targeting" shall 

refer to any strategy that spectf.cally uses any type of promoter ,n 
an effort to achieve cell-specfc gene expression. The promoters 
include those that may be selccttvely induced by phystologtcal 
stimuli (such as heat shock or hypoxia). 

The instant invention ts dtrected to an adenoviral vector 
,hat mediates increased gene delivery in vivo. 
,0 comprises, a targeting component that targets or directs the vector to 
speciftc target cells and a tissue-specific promoter that drives the 
expression of a .ransgene carried by the vector m the target cells. I n 
general, the targeting component of the adenoviral vector can be a 
bi-specific molecule that binds to the knob protein or other capsid 
,5 protein of the adenoviral vector and a molecule expressed on the 
larger cells. Alternatively, the targeting component can be a 
targeting ligand incorporated into the fiber protein or other capsid 
protein of said adenoviral vector by genetic mutation. 

One of ordinary skill in the art would readily recognize 
20 various methods of incorporating targeting ligand with specificity for 
,ar»e. cellular markers into the major capsid proteins, fiber, penton 
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or hexon protein of adenov.ral vec.o,-. For example, shor. pepcde 
ligands have been incorporated into either the earboxy terminal (41, 
42, or the HI loop (43) o. the knob dontain of the adenoviral fiber 
protetn. Minor capsid protetns such as pllla and pIX are also 
5 potential sites for targeting ligand tncorporation. Moreover, US. 
Patent No. 6,210,946 disclosed an adenovirus modified by replacing 
the adenovirus fiber protetn with a fiber replacement protein 
comprising a) an amrno-termrnal portion comprising an adenoviral 
fiber tail domatn; b) a ch.mertc f.ber replacement protein; and c) a 
,0 carboxy-terminal portion comprtstng a targeting ligand. 

The present invention is also directed to an improved 

] . ir ii -'p^tn*- comprisini^ the step 

of: contacting target cells with an adenoviral vector comprising a 
targeting component that targets the vector to specific target cells 
,5 and a tissue-specific promoter that drives the expression of 
transgene carried by the vector in the target cells, wherein the 
adenoviral vector has enhanced targeting specificity to the target 
cells and results in reduced transgene expression .n non-target cells, 
m general, the targeting component of the adenoviral vector can be a 
2„ targeting ligand incorporated into the fiber protein or other caps.d 
-olein of said adenoviral vector by genetic mutation. Alternatively, 
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,he targeting component can be a bt-spec,i,c molecule tha, btnds to 
,he knob protein or other capstd prote.n of the adenoviral vector and 
a molecule expressed on the target celK In one embodtment, when 
,he target cells are pulmonary endothelial cells, the adenoviral 

5 vector comprises a vascular endothelial growth factor type 1 
receptor promoter and a bt-specific antibody conjugate linktng a Fab 
fragment of an ant-AdS knob antibody 1D6.14 with an a„t- 
angiotensin converttng en.yme (ACE) antibody 9B9. 

The follow.ng examples are given for the purpose of 

,0 tllustrating vartous embodiments of the invention and are not meant 



to 



limit the present invention in any fashion. 
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EXAMPLE-1 



^ilrnr-'--^' Vprtor Construction 

The luciferase reporter gene was obtained from the 
plasm.d PGL3 basic (Promega). excised as a Kpnl-Sall fragment 
Uncluding the SV40 polyA signal) and l.gated into the polylinker 
20 region of the adenoviral shuttle plasmid pShuttle. forming 
pShuttleLuc. The tlt-1 promoter (-748 to . 284) was excised from 
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,he plasmid pMVlO-fl.l (16) us.ng HMlll and Xh.l blun. ended 
then inserted into the HuuliU s,te of pShut.leLue, upstream of the 
lucferase gene, form.ng pShut.lefl.Luc. A reeombinant adenoviral 
»enome was generated by homologous reeombination with the 
5 pAdEasyl plasmid m E. coli as previously described (17). After 
confirmation of correct recombination the adenoviral genome was 
lineraized using F.cl. then transfected into low passage 293 cells 
using Superfect (Q.agen Inc., Valencia CA) to generate the 
recombtnant vrus. Vral stocks were amplified in 293 cells and 
,0 purifed through two cestum chloride gradients ustng standard 
techniques (18). Plague litre and particle titer (based on OD 260) 
„crc dot.rmmcd l^y s,.„dard techniques. The control virus 
AdCMVLuc was constructed in a similar manner except the luciferase 
.enc was inserted downstream of the CMV promoter m the plasmtd 
15 pShuttleCMV (17). AdCMVCEA has been previously described (38). 
AdfltCEA was constructed by removing the lucferase gene from 
pShuttlefltLuc as an Xhal fragment, then Ugatmg m the blum ended 
CEA gene which was obtained from plasmid pGT37 (19) as a 2373 bp 



HincnU-Non fragment. 
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F Y AMPLE 2 



Ijj^trr ^"^^'^ Transfer 

,,11 „ii i;np IP-IB was obtained from 
The murine endothelial cell line lb' vva:, 

, American Type Culture Collection (Manassas, VA) and propagated in 

OMEM medium (Cellgro, Herndon, VA) containing 10% fetal calf 

serum (PCS), penicillin and streptomycin. Cells were plated into 2 4 

were infected using virus diluted in DMEM containing 2% PCS for one 

. 1 ncferase assay was performed 24 hours later 
complete medium. Luciterase assay 

- , ,v lit (Prome^^a, Madison Wl) 

USlllii a LUtlli-iax- 

,,,o;a,„g .0 ,Ke ™a„u.ac.,c s ins.rucUons. and a Fe^.o^as.e. 
FB12 luminomeler (Zylux Corporation. Maryville. TN). 

TO evaluate gene transfer w.th AdfltCEA, cells were 

r.^A ctainpd using a rabbit anti CEA 
fixed using methanol/5% acetone, and stained using 

•u . ,rh.micon Temccula. CA. Cat. #46912) followed by 
antibody (Lntinn-ou. 

„uuit mti-bodv Vectastain ABC 
uir^tinv^lted anti-ranbit anu-uuujr, 
detection using biotin>iaiLU 

. u ■ r.. mAB^ (Vector Laboratories) according to 
20 kit and diaminobenzidinc (DAB) (vtcioi 



the manufacturer's instructions. 
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Construcuon of Fab-9B9 and subsequent in vitro and .n 
v,vo validation Itas previously been descnbed (.2). Briefly, Fab and 
„Ab 9B9 were der.vat.zed w.th the bifunctional erosslinUer N- 
succinitnidyi 3K2-pyr.dyld,thto) propionate (SPDP; Pierce, Rockford, 

J- 1 H in inn% ethanol to a final concentration of 2 
IL). SPDP was dissolved in lUU/o emauui lu 

then eombined wtth 9B9 or Fab in PBS at a molar ratto of 4 
SPDP : 1 antibody and tncubated with shaking at room temperature 

, -1 hv iddin^^ 0 1 volumes of IM 
f„r 30 min. The pll •<! I'^h '"''""■'^ ' 

,„„d dithtothrettol (DTT; B.o-Rad, Hercules, CA). After a 5 mtn 
incubatton at room temperature the reduced Fab was passed through 
, PDIO column (Pharmacta, Uppsala, Sweden), equi.tbrated in borate 
,„,fer, then added .mmedia.e.y to the derivati.ed 9B9 and shaken at 

n.r^ overni-ht The conjugate mixture was 
room lemperauiie o\ti 111^111- 

r.H bv '^el filtration on a HR 10/30 Superose 12 
subsequently punlicd b> ^ei uiua 

hMtfVr nH 8 5 Monomcric Fab and 
,) column (Pharmacia) in borate butttr pH 



9B9 were discarded and fractions larger than 150 kDa were assessed 



for specificity 
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Yiy,, r.pnp Transfer 

For in vivo experiments, male Sprague-Dawley rats aged 
6 - 8 weeks were obtained from Harlan Sprague Dawley Inc., 
10 Indianapolis, IN. All experiments using animals were approved by 
the University of Alabama at Birmingham Institutional Animal Care 

and Use Committee. 

Luciferase gene delivery was carried out as follows. 

AdCMVLuc (5 X 10^> pfu) was complexed with 10 ,g Fab-9B9 for 3 0 
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minutes at room temperature, then the total volume was brought to 
200 ,1 wtth sterile normal saline. Rats were injected via the lateral 
tail vetn. then sacrificed three days later. Organs (lungs, liver, 
spleen, k.dncy, heart, wore harvested ,nto 50 ml polypropylene 
a„es and snap frozen in ethanol/dry tce. For lucferase analysis. 

,„c organs were ground to a f.ne powder ustng a mortar and 
pestle cooled in an cthanol/dry ,ce bath. One hundred milligrams of 
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o,ga„ powder were we.ghed and placed in a 1.5 ml polypropylene 
.ube. subsequent processing for lucicrase activity was performed 
a Promega Luciferasc Assay System kit (Promega, Madison 
Wl). Tissue powders were lysed tn 200 ,1 of cell lysis buffer and 
, subjected to three freeze thaw cycles to ensure complete lysis. 
Tubes were centrifuged and supernatant analysed for luciferase 
activity according to the manufacturer's instructions. The protein 
concentration of lysate was determtned us.ng a B,o-Rad detergent 

w nt irrnrdins to the manufacturer's 
compatible (DC) protein assay kit, according 

10 instructions. 

For left ventricular injections, animals were anesthetized 

..,Ui kctamine. then Uie leit vonn-.clc localised using standard 
echocardiography. Vector was injected transcutaneously using a 25 
gauge needle. Blood was withdrawn before and after dose 

• • tn phpc.k needle-tip position, then repeat echo was 

15 administration to check neeuie f 

performed. 

immunohistochemistry was carr.ed out as follows. Rats 
were injected w.h 3x10'" pfu «f -.her AdCMVCEA or AdfltCEA 
complexed to Pab-9B9. Three days later animals were sacrtftced 

f I uv in«;prtine an 18G catheter into 
nsins CO,. Lungs were pertused bv inseiting 

,^.,11 cUf in the left ventricle. The 
the ri"ht ventricle and making a small slit in tne 



pulmonary vascua.ure was pcfused first with PBS/heparin ,30 mis. 
20cm HP), then 30 mis neutral buffered formalin (10%, Formalin- 
Fresh, Fisher Sccntifrc, Pittsburgh. PA), Lungs were then inflated by 
traeheal inst.Ua.ion of formalin, removed en-bloc and fixation 
continued overmght in formalin. Livers were removed and 1-2 mm 
strips were fixed ,n formalin overnight. These tissues were 
processed into paraffin the next day. The liver, lungs and spleen 
from any one an.mal were processed into a single block. Paraffin 
sections, cut at 4 ,m, were heat mounted (58 C for one hour) on glass 
slides (Fisherbrand Superfrost Plus), Shdes were immunostained 
usin<. an anti-CEA polyclonal rabbtt antibody (Chemicon. Temecula. 
OVCat. #4(,9i:) diluted 1 :2<>»" » ,.h PBF, buffer ,1%BS.A, 1 tnM 
EDTA, 0,15 mM NaN„ in PBS) for one hour at room temperature (RT), 
followed by detection wtth Alexa 488 (green fluorescence) goat anti- 
rabbit secondary anttbody (Molecular Probes, Eugene, Or,) 
Secondary antibody incubations were also performed for one hour at 
room temperature. Nuclei were stained with Hoescht 33342 for 1 0 
mtn a. room temp, Immunofluorcscent images were obtained us.ng 
Olympus IX 70 inverted microscope with epifluorescence optics and 
Photometries Sensys cooled CTD, h,gh resolution, monochromatic 



camera 



(Roper Scienufic; Tucson, AZ) and IPLab Spectrum Image 
Analysis software (Scanalytics; Fairfax, VA). 

Statistical comparisons between groups were made by 
loaarithmic transformation ot the data and Studem's t-test 
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n^r^w.n.A Tran H-^'""-' Transcnrtional Targetin g 

For the application of gene therapy to many common 
diseases, strategies to improve the fidelity of gene delivery are 
needed. T<. this end. ihe uiility of combining transductional and 
transcriptional targeting approaches, in particular for gene delivery 
to pulmonary vascular endothelium, was assessed. A conjugate- 
based approach to target pulmonary endothelium in vivo via binding 
to angiotensin converting enzyme (ACE) was combined with the 
usage of flt-1 promoter that has a high degree of activity in, and 

specificity for. endothelial cells. 

To enable sensitive detection of trangene expression /" 
an adenoviral vector comaining the gene for firefly lucferase 
under the control of the flt-1 promoter (AdfltLuc) was constructed. 



,„ic,any, this virus was compared w.ch an adenoviral vec.or 
(AdCMVLuc) containing the same luciferase gene under the control 
of the strong, non-speclic CMV promoter .n infecting the 1 P- 1 B 
murine endothelial cell Irne. Levels of luciferase activity obta.ned 
5 with AdfltLuc were approximately 20% of those obtained with 
AdCMVLuc (Fig 1). A second adenov.ral vec.or containing the gene 
for carcinoembryonic anfgen (CEA) under the control of the flt-1 
promoter (AdtltCEA) was also constructed because it was found that 
detection of carcinoembryon.c ant.gen by immunohistochemistry 
,0 was a very sens.ttve and specie method for local.s.ng transgene 
expression ,„ v,.«. This vector was evaluated alongs.de AdCMVCEA 

t-.T^n I'nder ^he control of the CMV 

(containing eau uuk iin». % ^ 

promoter, for .ts ab.lity to transduce IP- IB cells, 
immunohrstochemical s.am.ng of cells infected w.th equal doses of 
15 vector showed comparable amounts of staining (Fig 2). Thus the 
basic acttvrty of the vectors in a relevant cellular substrate was 

confirmed. 

To evaluate the double targeting concept. vivo studies 
were used a. the most relevant test system. A prev.ously described 
,0 transduconal target.ng approach using a b,-spec,fic conjugate (Fab- 
9B9. whrch was made by linkmg the Fab fragment o. an anti-Ad5 
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knob antibody (.D6.14) (10) to the anti-angiotensin conver.tng 
enzyme monoclonal ant.body mAb 9B9 (20, 21) was used. To 
prepare targeting complexes, adenovra, vectors were incubated witb 
Fab-9B9 for th.rty minutes immedta.ely pr.or to injection. Male 
5 Sprague-Dawley rats aged 8 weeks were used. 

initial studies were performed using the lucferase 
reporter system. Rats were injected by tail vein with e.tber 
AdCMVLuc or AdfltLuc, each alone or in combination with Fab-9B9. 
Three days later rats were sacrificed, organs harvested and 
,0 luciferase act.v.ty per mg pro.e.n was determined. Mean . SD of 
pooled raw data from two experiments ts shown in Ftg 3. n = 8- 1 0 
,,„„„ iNn- the .nua,2c,cd AdCMVLuc vector, transgene 
expresston was seen ma.nly iu the liver and spleen, as prev.ously 
reported, with relattvely little activity in the lungs. Add.tion of Fab- 
,5 989 for transductional targeting to angiotenstn convert.ng enzyme 
expressed on pulmonary endothelium achieved a 15-fold tncrease tn 

(r. ^(\m\\ and a 67% reduction in 
pulmonary transgene expression (p < 0.001), ana 

liver expression (p - 0.028). 

Substitution of AdlllLuc for AdCMVLuc. without Fab-9B9 
20 resulted in a reduction in transgene express.on m all organs, 
importantly, when AdfltLuc was comb.ned wrth Fab-9B9, the levels 
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of .ransgene expression in the lungs were restored to levels achieved 
with the AdCMVLuc + Fab-9B9 combination (P< 0.001, AdfltLuc vs 
AdfltLuc + Fab-9B9), and 30-lold higher than the levels achieved 
with AdCMVLuc alone. In contrast, adding Fab-9B9 to Adfltl.uc 
5 reduced hver transgene expression (p = 0.026, AdfltLuc vs. AdfltLuc 
+ Fab-9B9), leadtng to a net 10,000-fold reduction cotnpared with the 
use of AdCMVLuc alone. The double-targeting approach resulted in 
27-fold htgher gene expiess.on in the Inng than in the liver (relative 
|,oht untts (RLUVmg prote.n, „ < 0.001) and 8-fold higher expression 
,0 in the lung than in the spleen (,= 0.003). The initial lung:liver ratio 
„s,ne the untargeted vector was 9 XIO- thus the double-targeting 
approach achieved an improvement in relative selectivity for the 
lung of over 300,000-fold. The luug:splecn ratio improved by 
>6.000-fold. Therefore, the combined transductional-transcriptional 
15 strategy had a strong synergistic effect that greatly improved the 
eene delivery profile compared with the use of either strategy alone. 

Next, transgene expression following either a tail vein or 
,cl, ventricular (LV) mjecion of AdfltLuc/Fab-9B9 was compared. 
,„ uiis way. It was sough, to determine whether targeting was 
20 influenced by the site of injection: the vector arrives ai the 
pulmonary capillary bed soon after tail vein injection and much later 
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afler left ventricular admrn.s.rat.on. It was found that the 
distrtbution of transgene expression by the two approaches was very 
similar, with the exception that expression in the heart was higher 
with the left ventricular approach (Figure 4). Thus, targettng of the 
; vector dtsclosed heretn did not depend on a first-pass effect. 1 n 
principle, these ftndtngs have encouraging itnpl.cations for the 
development of targeted adenoviral strategies for gene delivery to 
vascular beds other than the lung, provided suttably specfic ligands 
can be identified. 

0 Recently, a threshold effect has been reported when 

adenoviral vectors are administered systemically (39, 40). This 
phe„o„K-n..n ar.scs he.uuse Kupffer cells which line the hepatic 
stnusoids phagocytose a large proportion (up to 90%) of vector at low 
doses, but become saturated at high doses, thereby allow.ng a 

,5 greater fractton of the vector load to reach and transduce 
hepatocytes. A higher vector dose in the system dtsclosed heretn 
was evaluated by injecting 3 XIO" viral part.cles (compared with 5 
Xin'" panicles used ,n Figure 3 and 1 XIO" m Figure 4). Again, a 

, .^.iimnmrv targeting was noted (Figure 
si^niiticaiu improvement in pulmonary tai^tiui^ 

2„ An even greater tmprovemen. of -200 .n lung:l,ver and 

U,ng:spleen ratios was found a. thts dose. Th.s ntay reflect a 
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threshold effect whereby the h.gher dose y.elded a proportionately 
greater expression in the target s.te beeause of Kupffer cell 

saluration. 

To achieve further confirmation of Ihe efficacy of t h e 
5 double .argetrng strategy, and to assess the distribution of transgene 

,1, ti,» moniis delivery of the carcinoembryonic 
expression within the organs, ueiivcij 

antigen gene was examined with immunohistoehemistry. ACE- 
targeted AdCMVCEA or AdfltCEA (3xlO'>fu) was administered by 
tail vein injection into rats, then the animals were sacrificed three 
,0 days later. Lungs were perfused and fixed in inflation for 24 hours 
using 10% buffered formalin, livers and spleens were cut into 2mra 
.trips a,ul suniLirly fixed Paraffin sections were stained with a 
rabbit anti-carcinoembryonic antigen antibody and signal detected 
using Alexa 488-.agged goat anti-rabbit antibody (green 
fluorescence) and nuclei were stained using Hoescht 33342 (blue 

fluorescence) as shown in Figure 6. 

,n rats that received the AdCMVCEA/Fab-9B9 

combination, positive signal was readily detected ,n small pulmonary 
vessels, alveolar capillaries and hepa.oeytes as previously reported 
2.1 (Figure 6A. C). Signal was also readily detected m the spleen (Figure 
,,El. For rats that received the Adfl.CEA/Fab-yB9 combination, signal 
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was again readily detected in alveolar capillaries, to a degree at least 
comparable to or slightly more widespread than that seen with the 
AdCMVCEA/Fab-9B9 combination (Figure 6B). In these animals, 
transgene expression was seen in at least 50% of alveolar walls. 
5 However, no signal was seen in the livers or spleens of these animals 
(Figure 6D, F). No signal was seen in the negative controls, consisting 
of sections incubated with no primary antibody, and sections from an 
uninfected rat stained with anti-carcinoembryonic antigen antibody 
(data not shown). High power views clearly show staimng within 
10 capillary loops in alveolar walls and in the endothelial layer of small 
vessels (Figure 7). No signal was seen in organs from rats that 
,,cc,ved AdfhCFA aK.ne. In rats that received AdCMVCEA alone, 
signal was seen in liver and spleen but not lung, as previously 
reported. Signal was also seen in alveolar capillaries after LV 
15 mjection of ACE-targeted vector (data not shown). Thus, these 
studies confirmed the findings of the luciferase experiments: that the 

. ctrctpav achieved a substantial synergistic 
double targeting strategy acnievcu 

improvement in the specificity of transgene expression for the target 

site. 

,0 In addition to assessing transgene expression, 

haematoxylin and eosin (H & E) stained sections ol the rat tissues 

3 3 



were also examined to evaluate n-flammatory responses. The 
sections of lung t.ssue from the rats that received et.her 
AdCMVCEA/Fab-9B9 or AdmCEA/Fab-9B9 did not show any 
significant inflammatory changes compared to sections obtained 
5 from a control, un.nfectcd rat. Sections of liver tissue from the rats 
that received either vector complex had multiple subtle 
histopathologte changes such as increased numbers of mt.ottc figures 
in hepatocytes, scattered hepatocy.es with cytoplasmic vacuoles, 
scattered tndividual apoptotic or necrotic hepatocytes and promtnent 
,0 Kupffer cells (data not shown). The spleens had evdence of 
increased extrameduUary hematopoiesis. These changes are 
.„„Ms.on, w„h previous Imdings in this model, and importantly 
showed no sigmficam inflammatory response .n the pulmonary 
target site. The hepafc changes are probably due ,o an early innate 
,5 response to vector particles and an early response to low levels of 
viral gene expression. 

In summary, the successful in vi.o combination of 
,,-ansductional and transcrip.tonal targeting approaches reported 
herein improves the prospects fo, gene therapy for pulmonary 
,0 vascular disease and provides an important proof-of principle for 
r„,.thcr vector development generally- The ACE-targeting/flf 1 
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promoter approach has Ihe polenlial lo improve pulmonary vascular 
gene therapy whtle reductng the potential for transgene-induced 

toxicity. 

To date, various conjugate-based transductional 
5 adenoviral-targettng strategies have been reported, ineludmg several 
which improve gene delivery to endothelial cells, by targeting to FGF 
receptors (22), mtegnns (23), E-selectin (24) or through the use of a 
novel ligand identified by bacteriophage panning (25). However, 
none of these approaches has shown specific transduction of 
10 endothelium in vivo. Using a strategy to target systemically 
administered adenoviral to FGF receptors, Gu et al achieved a 
reduction in liver transgene expression and an associated reduction 
.n hepatic toxicity, but specific retargeting was not confirmed (26). 
Using the FGF approach to deliver a suicide gene in a loco-regional 
intraperitoneal murine model of ovarian carcinoma, Rancourt et al 
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showed enhanced therapeutic outcome, but again, specificity of 

targeting was not assessed (27). 

An alternate transductional targeting approach is the 
direct genetic mutation of the adenoviral knob domain to incorporate 
20 spec.tic targeting ligands (11). This approach is attractive because it 
potentially avoids the complexity of the "two-componenf conjugate 
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system. However, results to date have been limited to the expansion 
of tropism via the mcorporation of non-specific ligands such as RGD 
(30) or polylysme (31). Simultaneous ablation of native tropism 
with true retargeting has not been reported. Structural constraints 
limit the size of ligands that can be genetically incorporated into the 
knob, but newer approaches such as fiber replacement strategies 
may overcome this restriction (32). Nevertheless, evidence is 
emerging that ablation of CAR recognition alone will be insufficient 
to substantially reduce hepatic transgene expression, either because 
of residual penton RGD-integrin interactions or other non-specific cell 
entry mechanisms. Thus, even in the context of these technological 
,mprovcmenls. some additional measures of control are required. 

The angiotensin converting enzyme-targeting approach 
disclosed herein is the only technique described that has a degree of 
fidelity upon systemic administration. The specificity of the 
approach is achieved due to 1) the large size of the pulmonary 
vascular bed, 2) the fact that all pulmonary capillary endothelial 
cells express angiotensin converting enzyme (29). and 3) the 
accessibility of pulmonary angiotensin converting enzyme from the 
circulation. Moreover, angiotensin converting enzyme-targeting does 
not depend on a first-pass effect. Thus, although angiotensin 



3 6 



converting enzyme is expressed elsewhere in less accessible areas 
such as the proximal tubular epithelium of the kidney, it has been 
shown to be an ideal target for pulmonary drug or gene delivery. In 
addition, levels of circulating angiotensin converting enzyme are at 
least 100-fold less than in the rat lung, and angiotensin converting 
enzyme is not expressed on the endothelium of hepatic sinusoids. 
However, when used alone, significant hepatocyte transgene 
expression still occurred, thus necessitating a combined approach of 
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sduction and transcription control. 



The transductional-transcriptional approach described 
herein could easily be combined with other technological advances 
such as geneuc cap^id modifications, fully deleted ("gutless") vectors, 
and approaches to avoid sequestration of the vector by the reticu- 
loendothelial system. Such combinations will further optimize the 
specificity and efficacy of gene delivery. 



1 



The following references were cited herein: 

Moracs and Loscal/o. 1997. Clin Cardiol 20(8):676-82. 

Russell. 2000, ./ Gen Virol 81(Pt 1 1 ):2573-2604. 



, 3. Rodman et al. 1997. Ameruan Journal of Respiratory Cell & 



Molecular Biology 16(6):640-9. 



3 7 



4. 



5. 



6. 



7. 



5 8. 



9. 



Huard et al. 1995. Gene Therapy 2(2): 107-15. 
Bergelson et al. 1997. Science 275(5304): 1 320-3. 
Tomko et al. 1997. Proc. Natl. Acad. Sci. USA 94(7):3352-6. 
Yeeetal. 1996. Human Gene Therapy 7(10): 125 1-7. 
Wickham. 2000. Gene Ther 7(2): 110-4. 
Wickham et al. 1993. Cell 73(2):309-19. 
10. Douglas et al. 1996. Nature Biotechnology 14:1574-1578. 
n. Krasnykh et al. 2000. Mol Ther 1(5 Pt l):391-405. 
12. Reynolds et al. 2000. Mol Ther 2(6):562-578. 



10 13. 



Nettelbeck et al. 2000. Trends Genet 16(4): 174-81 



14. Adachi et al. 2000. Cancer Research In Press. 



15. 



,T' / ! in 1 8(^^' 102-10. 



15 



20 21 



16. Nicklin et al. 2001. Hypertension Snbmined. 

17. He et al. 1998. Proc Natl Acad Sci U S A 95(5):2509-14. 

18. Graham and Prevec. 1991. Manipulation of adenovirus vectors 
/„ Murray et al. editors. Methods m Molecular Biology 
Humana Press, Clifton. NJ. 109-129. 
Conry ct al. 1994. Cancer Res 54(5): 1 164-8. 
Damlov et al. 1991. Lah Invest 64( I ): 1 1 8-24. 
Atochmaetal. 1998. A. 7 P/W 275.4 Pi 1):L806-17. 
Reynolds el al. 1998. Tumor Tari^eting 3:156-168. 



19. 



20. 



38 



5 



10 



15 



23. Wickhametal. 1996. J Virol 70( 10):683l-8. 

24. Harari et al. 1999. Gene Ther 6(5):801-7. 

25. Nicklin et al. 2000. Circulation 102(.2):231-7. 

26. Guetal. 1999. Cancer Res 59(1 1 ):2608-14. 

27. Rancourt et al. 1998. Clin Cancer Res 4(10):2455-2461. 

28. Schneider et al. 2000. Gene Ther 7(18):1584-92. 

29. Franke et al. 1997. CD143 Workshop: Angiotensin-I-converting 
enzyme (CD 143) on endothelial cells in normal and in 
pathological conditions. In Kishimoto, et al., editors. Leukocyte 
Typing VI. Garland Publishing Inc., New York. 749-751. 

30. Dmitnev et al. 1998. Journal of Virology 72(12):9706-9713. 

31. W.ckham et ai. 1997. Journal of V.rolo,^ 7 1( 1 n:8221-8229. 

32. Krasnykh, V. 2001. Fiber repalcement. 

33. Ringetal. 1996. Gene Ther 3(12):1094-103. 

34. Partovian et al. 2000. Am J Respir Cell Mol Biol 23(6):762-71 . 

35. Kasahara et al. 2000. J Clin Invest 106(ll):1311-9. 

36. Schuster et al. 1996., Am J Respir Crit Care Med 154 (4 Pt 



1):1087-91. 



37. Hirosc ct al. 2000. Pathol Int 50(6):472-9. 
20 38. Raben et al. 1996. Gene Ther. 3:567-580. 
39. Bristol et al. 2000. Mol. Ther. 2:223-232. 



40. Tao et al. 2001. MoL Ther. 3:28-35. 

41. Wickhametal. 1996. Nat Biotechnol 14:1570-3. 



42. Wickham et 



al.l997. .hnimal of Virology 71:8221-8229 



43. Dmitriev et al. 1998. J Virol 72:9706-13. 
5 Any patents or publications mentioned in this 

specifcatton are indtcattve of the levels of those skilled in the art to 
which the .nventton pertains. Further, these patents and 
publicafons are incorporated by reference heretn to the satne extent 
as it each individual publication was specifically and individually 
10 indicated to be incorporated by reference. 

One skilled in the art will appreciate readily that the 
p,,scnt invcnuon ,s well a.lap.ed to carry ou, the objects and obtain 
the ends and advantages mentioned, as well as those objects, ends 
and advantages inherent herein. The present examples, along with 
,5 the methods, procedures, treatments, molecules, and specific 
compounds described herein are presently representative of 
preferred embodiments, are exemplary, and are not intended as 
„„,i,;„ions on the scope of the invention. Changes therein and other 
„,es w.ll occur to those skilled in the art which are encompassed 
2„ within the spint of the invention as defined by the scope of the 



claims. 



40 



